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Abstract
The targeting of solid tumors requires delivery tools that
resist intracellular and extracellular inactivation, and that
are taken up specifically by tumor cells. We have shown
previously that the recombinant nontoxic B-subunit of
Shiga toxin (STxB) can serve as a delivery tool to target
digestive tumors in animal models. The aim of this study
was to expand these experiments to human colorectal
cancer. Tissue samples of normal colon, benign adenomas, colorectal carcinomas, and liver metastases from
111 patients were obtained for the quantification of the
expression of the cellular STxB receptor, the glycosphingolipid globotriaosyl ceramide (Gb3 or CD77). We found
that compared with normal tissue, the expression of Gb3
was strongly increased in colorectal adenocarcinomas and
their metastases, but not in benign adenomas. Short-term
primary cultures were prepared from samples of 43
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patients, and STxB uptake was studied by immunofluorescence microscopy. Of a given tumor sample, on
average, 80% of the cells could visibly bind STxB, and
upon incubation at 37°C, STxB was transported to the
Golgi apparatus, following the retrograde route. This
STxB-specific intracellular targeting allows the molecule
to avoid recycling and degradation, and STxB could
consequently be detected on tumor cells even 5 days
after initial uptake. In conclusion, the targeting properties
of STxB could be diverted for the delivery of contrast
agents to human colorectal tumors and their metastases,
whose early detection and specific targeting remains one
of the principal challenges in oncology. [Mol Cancer Ther
2008;7(8):2498 – 508]

Introduction
Cancers of the colon and rectum (CRC) are the second
leading cause of cancer-related mortality in North America,
Europe, and Australia. The aggressiveness of the disease is
directly correlated with the ability of the primary tumor to
invade distant organs, most frequently the liver, and the
5-year survival of patients with distant metastasis present
at the time of diagnosis is <10% (1). Therefore, specific
targeting of primary tumors and distant metastases for
diagnostic and therapeutic purposes remains one of the
principal challenges in oncology, and requires the identification of molecular targets that are specifically expressed
on tumor cells. Over the last years, several groups have
reported that the glycosphingolipid globotriaosyl ceramide
(Gb3 or CD77), like other glycosphingolipids (2, 3), is
expressed in human malignancies. Gb3 expression has been
shown in Burkitt’s and centrofollicular lymphomas (4 – 7),
in a wide range of solid tumors such as breast and ovarian
carcinomas (8, 9), and in testicular seminomas (10).
Moreover, it was recently reported that Gb3 expression in
human colorectal cancer correlates with invasiveness and
the ability to form metastasis (11). Importantly, normal
human intestinal epithelia do not express Gb3, nor do they
bind Shiga toxin (12 – 15). Thus, Gb3 expression by human
digestive cancers may be exploited for tumor delivery
purposes using natural Gb3 ligands, such as Shiga toxin
from Shigella dysenteriae and the highly related verotoxins
from enterohemorrhagic Escherichia coli strains (16).
These enteropathogenic toxins have naturally evolved
to resist digestive enzymes and drastic pH changes in the
intestinal lumen, and are able to cross the intestinal barrier
to spread in the organism (17). These properties make them
excellent candidates as molecular targeting devices of
digestive tumors. Shiga toxin and verotoxins are composed
of two subunits, the catalytic A-subunit that inhibits
protein biosynthesis by modifying rRNA, and the nontoxic,
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noncatalytic homopentameric B-subunit (STxB). The latter
is responsible for cellular targeting and intracellular
transport of the holotoxin and can bind to up to 10 to 15
Gb3 molecules (18). This clustering leads to the association
of STxB/Gb3 complexes with membrane microdomains
(19), an important event for its intracellular trafficking
(11, 20). In toxin-sensitive cells, Shiga toxin and the
nontoxic STxB are targeted by retrograde transport from
the plasma membrane to the endoplasmic reticulum via
early endosomes and the Golgi apparatus (21, 22; for a
review, see ref. 23). The catalytic A-subunit of Shiga toxin is
transferred to the cytosol, using the cellular retrotranslocation machinery, whereas STxB remains in the endoplasmic
reticulum/Golgi membrane system (24). Therefore, retrograde transport permits STxB to avoid degradation in
lysosomes and recycling to the plasma membrane.
The stable association of STxB with cells might be a
useful property for diagnostic or therapeutic delivery
strategies. Another advantage of this system is that STxB
can be manipulated without altering the affinity and
specificity of its interaction with Gb3 on target cells (25).
Moreover, STxB is a little immunogenic protein with MHC
dependence (26). In a study of 30 patients with Shiga-like
toxin – induced hemolytic and uremic syndromes, no antibodies to VT1 or VT2 could be detected (VT, verotoxin; note
that VT1, or Shiga-like toxin 1, is essentially the same
protein as Shiga toxin; ref. 27). Furthermore, Ludwig and
colleagues reported that only 5% of patients with hemolytic
and uremic syndromes, and only 1.8% of healthy subjects,
had antibodies to Shiga-like toxin 1 (28). In another study,
6 out of 21 patients with diarrhea induced by S. dysenteriae
had antibodies to Shiga holotoxin, but none to STxBderived peptides (29). Our own preclinical data on mouse
models for CRC indicate that repeated uptake of STxB by
the oral or intravenous route is well tolerated and does not
cause adverse side effects (30).
In the present study, we expanded our previously
published preclinical investigations (30) to human tumors.
Instead of using established tumor cell lines that have been
cultured for long periods of time, potentially leading to the
acquisition of multiple genetic aberrations, we decided to
study primary cultures of human tumor cells of the colon
and rectum. Our results show that colorectal tumors express
Gb3, that primary tumor cells in culture clearly accumulate
STxB via the retrograde route, and that STxB does not
induce apoptosis in these cells. Furthermore, Gb3 expression was observable in distant liver metastasis, but not in
adenomas or normal tissue. Correspondingly, primary cells
obtained from adenomas did not display STxB uptake. We
conclude that the naturally evolved properties of STxB can
be diverted for tumor delivery, with potential applications
in tumor imaging and tumor therapy.

Materials and Methods
Patient Collective
Tissue samples were obtained from 111 patients admitted
to the Surgical Department, Klinikum rechts der Isar, with

the diagnosis of colorectal carcinoma. Mean age was
65.9 years (range, 23 – 92). Informed, written consent of all
patients regarding the tissue samples was obtained
previously. Median follow-up after surgery was 23 months.
Three patients died due to unrelated causes, 19 died due
to cancer progress or disease recurrence (local recurrence
n = 2, lymph node recurrence n = 1, and metachronous
distant metastases n = 12). Tumors were classified according to the International Union Against Cancer (UICC) for
tumor localization, tumor grade, and staging, as summarized in Table 1. Histology-guided sample selection was
done to identify a tumor content of >70%. In addition, five
tumor samples from the small intestine were tested (two
malignant lymphomas, one epidermoid carcinoma, one
leiomyosarcoma, and one carcinoid tumor of neuroendocrine origin). All samples were snap-frozen in liquid
nitrogen and stored in 80jC until use.
Reagents and Antibodies
Antibodies and reagents used were anti – caspase-3 (Cell
Signaling Technology), anti-cytokeratin 20 (Dako), antigolgin p97 (Molecular Probes), anti-STxB (24), anti-CD11c,
anti-CD11b (BD Biosciences PharMingen), anti – Ep-CAM
(BerEP4, Dianova), TRITC-phalloidin, 4¶,6-diamidino-2phenylindole, staurosporine (Sigma-Aldrich), anti-CD77
Table 1. Clinical data
Patients
Female
Male
Location of tumor
Cecum
Ascending colon
Hepatic flexure
Transverse colon
Splenic flexure
Descending colon
Sigmoid colon
Rectosigmoid
Rectum
Metastasis of the liver
International Union Against Cancer staging
I
II
III
IV
Grade
G1
G2
G3
Tumor invasion
pT2
pT3
pT4
Lymph node status
pN0
pN+
Lymphatic invasion
Absent
Present

n = 111
49
62
n = 97
14
23
2
7
2
7
21
4
3
14
n = 83
16
25
27
15
n = 83
1
48
34
n = 83
20
45
18
n = 83
44
39
n = 83
66
17
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23.7%
2.1%
7.2%
2.1%
7.2%
21.6%
4.1%
3.1%
14.4%
19.3%
30.1%
32.5%
18.1%
1.2%
57.8%
41.0%
24.1%
54.2%
21.7%
53.0%
47.0%
79.5%
20.5%

2499

Published OnlineFirst August 7, 2008; DOI: 10.1158/1535-7163.MCT-08-0430

2500 Targeting of Primary Colorectal Cancer Cells

antibody (rat IgM, clone 38-13; Coulter), and anti-vimentin
(Santa Cruz Biotechnology). Secondary antibodies coupled
to fluorophores were purchased from Jackson ImmunoResearch. Cell culture reagents were purchased from
Invitrogen.
Indirect Immunofluorescence
Immunostaining was done as described before (30).
Briefly, after PFA fixation, the primary cultures on coverslips were permeabilized with 0.1% Triton X-100, blocked
with PBS containing 2% bovine serum albumin, and
primary antibodies in blocking buffer were added before
counterstaining with secondary antibodies. STxB (which
has 100% sequence identity with VT1B) was purified from
bacteria as previously described (31). Covalent coupling of
STxB to Cy3 (cyanine 3; Amersham Biosciences) fluorochrome (STxB-Cy3) was carried out according to the
instructions of the supplier. For the staining of endogenous
Gb3, tissue cryosections were fixed with 3% paraformaldehyde at room temperature for 20 min and incubated with
STxB-Cy3 for 30 min at a final concentration of 10 Ag/mL
in PBS containing 0.2% bovine serum albumin. For image
acquisition, epifluorescence or confocal microscopes
(Zeiss) were used. Images were processed using Adobe
Photoshop Software. Cytochrome c cytosolic release was
analyzed on primary colon tumor cells with the SelectFX
kit (Molecular Probes), according to the instructions of
the manufacturer. Adherent primary cultured cells were
incubated with anti-Gb3/CD77 antibody (50 Ag/mL) and
goat anti-rat IgM (10 Ag/mL) in 1 mL of complete primary
culture medium for 24 h at 37jC before fixation and further
processing.
Quantification of Gb3 Expression byTLC
Tumors were collected by an experienced pathologist,
frozen in liquid nitrogen immediately after surgery, and
stored at 80jC. Tissues were weighed and mechanically
homogenized in 1 mL of water. Gb3 expression was
quantified after lipid extraction, STxB overlay, and immunodetection as previously described (20).
Establishment of Primary Cultures
Primary cell cultures were established from adenomas,
colorectal carcinomas, and metastases of the liver essentially as described before (30). Briefly, fresh tumor biopsies
were obtained by an experienced pathologist and, immediately after surgery, placed in tissue collection medium
(DMEM supplemented with 2.5% heat-inactivated FCS,
1% penicillin/streptomycin, 1% gentamicin, 1% fungizone,
and 1% glutamine) at 4jC. The tissue was then dissected
with the help of a sterile blade, and subjected to enzymatic
digestion with collagenase (0.2 mg/mL; Roche) and dispase
(0.1 mg/mL, Roche) in digestion medium containing
DMEM supplemented with 0.5% heat-inactivated FCS,
antibiotics as above, 0.2 units/mL of insulin, and 10 ng/mL
of epithelial growth factor. Enzymatic treatment was
carried out for 2 to 3 h under constant shaking at 37jC.
By differential centrifugation (400 rpm, 5 min, at room
temperature), organoids were separated from debris and
single cells. The pellet was resuspended in primary culture
medium (DMEM supplemented with 20% heat-inactivated

FCS, antibiotics as above, 0.2 units/mL insulin, and
10 ng/mL epithelial growth factor), plated on gelatincoated glass coverslips, and incubated under standard
growth conditions (5% CO2 at 37jC). Medium was changed
after 2 days, and STxB incubation was carried out without
further trypsinization.
STxB Uptake Assays
STxB-Cy3 was added at a final concentration of
2.5 Ag/mL. After various time points of incubation at
37jC, primary cells were fixed with 3% paraformaldehyde
and analyzed by immunofluorescence. In 15 cultures,
STxB-induced apoptosis was studied after incubation for
48, 72, or 120 h at 37jC with labeled or unlabeled STxB at
either 0.5 or 2.5 Ag/mL. As a positive control for apoptosis
induction, cells were incubated with staurosporine, added
to a final concentration of 1 Amol/L for 6 h prior to fixation.
Apoptosis was quantified by immunofluorescence staining
for cleaved caspase-3, and by evaluation of fragmented
nuclear morphology after 4¶,6-diamidino-2-phenylindole
staining.
Preparation of Xenografts
Colon cancer samples were obtained from the Institut
Gustave Roussy in accordance with protocols approved by
the local ethics committee. Tumor material was placed in
collecting medium (DMEM supplemented with 10 mmol/L
HEPES, 1 mmol/L pyruvate sodium, 200 units/mL
penicillin, 200 Ag/mL streptomycin, 200 Ag/mL gentamicin, 5 Ag/mL ciprofloxacine, 20 Ag/mL metronidazole,
25 Ag/mL vancomycin, and 2.5 Ag/mL fungizone), as
described (32). Five-week-old Swiss nu/nu (nude) male
mice were used as xenograft recipients; they were bred
in the animal facilities of the Institut Curie and maintained in specified pathogen – free conditions. Their care
and housing were in accordance with national and institutional guidelines under the supervision of an authorized
investigator (M.F. Poupon). Subcutaneous tumor implantation procedures were done as described in detail
elsewhere (32).

Results
Gb3 Is Expressed in Human Colorectal Cancer and
Liver Metastasis
Using lipid extraction and TLC, we have shown in a
previous study that Gb3 is expressed by intestinal tumors in
genetically defined mouse models (30). In the present work,
we have applied this method to human tissue samples. In a
first series of experiments, human colorectal tumors from
33 patients were xenografted in nude mice and analyzed
for Gb3 expression. Approximately 20% of the tumors
showed high expression levels (>30 ng Gb3/mg tissue;
Fig. 1A). Next, we analyzed a series of freshly resected
tissue samples. Benign adenomas (n = 12) showed no
deregulation of Gb3 expression as compared with normal
colon samples from 19 patients. Primary human colon
carcinomas (n = 66) expressed, on average, 3-fold more Gb3
as compared with normal tissue. This difference was highly
significant (P = 0.002; Fig. 1B). The expression varied in
Mol Cancer Ther 2008;7(8). August 2008
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Figure 1. Gb3 is overexpressed in primary or xenografted human CRC. Gb3 levels were determined in duplicate. A, samples from 33 xenografted human
CRC were grouped in categories according to Gb3 expression. Inset, typical results from TLC. Extracts from HeLa cells were loaded as a positive control,
next to the standard purified Gb3, and three representative tumor xenograft samples with strong (TC33 ), intermediate (TC303 ), or weak (TC201 ) Gb3
expression. Note that Gb3 appears as a doublet. B, Gb3 was quantified from normal colon (n = 19), adenomas (n = 12), and colorectal tumors (n = 66).
Columns, mean; bars, SD. The difference in Gb3 expression was highly significant between tumors and normal tissue (**, P = 0.002). Inset, typical result
from chromatography.

individual tumor samples from 0.4-fold to 14-fold, compared with the average mean expression in normal colon.
This distribution is likely due to the genetic heterogeneity
of the human tumors. Moreover, the analysis was done
on resected tumors, without prior microdissection.
Even though histologic examination of control sections
was used to ensure a tumor cell content of >70%, variable
amounts of nontumor cells, such as stromal cells and
infiltrating lymphocytes, were present in the samples.
Thus, given tumor cell dilution, the actual expression of
Gb3 per tumor cells may be underestimated in our
quantification experiments.
Gb3 was readily overexpressed in early tumor stages
(stage I according to International Union Against Cancer
classification), and its expression was maintained throughout tumorigenesis and did not vary significantly during
tumor progression (Fig. 2A). Of note, there was no
significant difference in Gb3 expression levels between
tumors with (n = 31) or without (n = 35) metastasis. Gb3
expression was not correlated to the age or sex of the
patients, and there was no significant influence on the
anatomic site of the tumor (colon or rectum, see Table 1).
Corresponding samples of normal colon, primary tumor,
and liver metastases were obtained from five individual
patients, and analyzed for Gb3 expression (Fig. 2B). In all
cases, similar or even higher quantities of Gb3 were
detected in metastases, when compared with the primary
tumor from the same patient. This is in good accordance
with earlier findings (11). The expression levels were
distinctly higher than in normal colon and normal liver
parenchymal tissue (Fig. 2B). Lymph node metastases also
expressed high levels of Gb3 (n = 2; data not shown). These
observations strongly suggest that metastases which
originated from Gb3-positive primary colorectal tumors
maintained Gb3 expression at distant sites.

The prognostic relevance of Gb3 expression in primary
tumors was also tested. There were no statistically
significant differences in overall survival or recurrencefree survival between patients with low or high expression
of Gb3 in colorectal tumors. However, there was a trend
towards increased mortality and bad prognosis in the
group of patients with high Gb3 expression levels in primary colorectal tumors (data not shown). Furthermore, we
tested whether deregulated Gb3 expression also occurred in
less common lesions at other sites of the intestinal tract.
One carcinoid tumor, one epidermoid carcinoma, one
leiomyosarcoma, and two malignant lymphomas of the
small intestine were analyzed for Gb3 expression (Fig. 2C).
In the first three cases, Gb3 levels were similar to the mean
levels observed on CRC, even though these tumor entities
differ histologically from colorectal adenocarcinoma. Of
note, Gb3 was highly expressed in both malignant lymphomas samples, one of which was a follicular lymphoma,
and the other one a high-grade lymphoma. Thus, despite
the small sample size, it seems clear that several types of
tumors from the small intestine express increased levels
of Gb3.
To determine the cellular origin of the increased Gb3
levels, we detected endogenous Gb3 on fixed cryosections.
Normal colon epithelial tissue was found to be negative
(Fig. 3A – C), similar with published observations by several
other groups, and with the results we have obtained in
murine tissue (30). Some occasional cells in normal tissue
showed STxB labeling. These cells may correspond to the
colonic myofibroblasts described by others (15), and this
finding could explain, at least in part, that some Gb3 was
detected in normal intestinal tissue, as described above.
Tumor cells arranged in glandular structures clearly
showed STxB labeling (Fig. 3D – F). However, the intensity
of STxB labeling in putative epithelial tumor cells was
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heterogeneous within tumors (Fig. 3G – I). In contrast,
stroma components were labeled throughout the tumor
samples. It should be noted that the precise subcellular
localization of Gb3 might have been altered by the permeabilization step required for immunolabeling. In good
agreement with these data on resected tissue samples,
xenografts of human colorectal tumors also showed strong
expression of Gb3 in tumor cells arranged in glandular
structures (Fig. 3J – L).

Figure 2. A, Gb3 expression is increased starting with International
Union Against Cancer (UICC) stage I carcinoma, and remains high
throughout tumor progression. Each dot represents one patient; all
samples were analyzed in duplicate. Right, Gb3 expression in liver
metastasis and in liver parenchyme. Bars, median. B, Gb3 expression
analysis on matched pairs of normal colon tissue (N), primary CRC (T ), and
liver metastasis (M ) from five different patients, means of two quantifications. Normal tissue from patient no. 4 was not available for analysis. C,
Gb3 expression in small intestinal tumors. Normal tissue from normal
duodenum of two patients as control; one carcinoid tumor, one epidermoid
carcinoma, one leiomyosarcoma, and two malignant lymphoma samples
were analyzed. Columns, mean of three extractions; bars, SD.

Uptake of STxB by Primary Tumor Cells
To investigate the potential use of STxB to target human
colorectal tumors, we developed short-term primary
cultures of tumor cells from the freshly resected samples
described above (Fig. 1B). Primary cell cultures of 4 benign
adenomas, 31 colonic carcinomas, 3 rectal carcinomas, and
6 metastases of the liver were established. Primary cultures
of normal colonocytes could not be obtained, despite
several attempts using freshly resected normal colon
mucosa samples (n = 6). Even after long periods of incubation, only fibroblastic vimentin-positive cells could be
identified on these cultures (data not shown).
The primary cultures were tested after 2 days for uptake
of fluorescently labeled STxB. Cells derived from benign
adenomas showed only low STxB uptake in this assay
(Fig. 4A), in line with the low Gb3 levels detected by
extraction and overlay (Fig. 1B). In contrast, cells from
primary tumors (Fig. 4B) or liver metastases (Fig. 4C)
showed robust intracellular accumulation of STxB, as
opposed to the negative controls without the addition of
STxB (Fig. 4D). This indicates a clear correlation between
Gb3 expression and STxB uptake. Costaining with an
antibody against cytokeratin 20 identified the STxB-positive
cells as tumor cells of epithelial origin (Fig. 4E). These cells
were also positive for the epithelial markers E-cadherin
and Ep-CAM (data not shown). Interestingly, cells at the
leading edge of epithelial islets from invasive tumors or
liver metastases showed a pronounced STxB labeling in
several cases (as seen in Fig. 4F). STxB was distributed in a
perinuclear compartment in the tumor cells (Fig. 4G).
In addition to the islets of epithelially derived tumor
cells, the primary cultures sometimes contained single
interspersed cells that morphologically resembled fibroblasts. These cells indeed stained positive with an antivimentin antibody, a marker of mesenchymal cells, but
they were negative for STxB uptake in most cases (arrowheads, Fig. 4H; arrow, a STxB-positive cell of putative
epithelial origin that is negative for vimentin staining).
In cultures from 38 patients, the kinetics of intracellular
STxB accumulation was analyzed by immunofluorescence.
STxB-positive cells were identified by fluorescence microscopy after fixation at various time points of STxB uptake,
and their numbers were related to the total number of cells
present on the slides. After 1 hour of incubation at 37jC,
81 F 12% of the tumor cells were positive for intracellular
STxB, as analyzed from n = 15 tumors. In comparison,
35 F 21% cells were positive in the group of n = 4 adenomas. When STxB was bound for 15 minutes to primary
tumor cells on ice, cell surface staining was visible
(Fig. 5A). After 15 minutes of incubation at 37jC, STxB
clearly colocalized with the Golgi marker golgin p97
(Fig. 5B), and colocalization was even more pronounced
after 60 minutes of incubation at 37jC (Fig. 5C). This
indicates that STxB followed the retrograde route from the
plasma membrane to the Golgi apparatus in the primary
tumor cells, avoiding recycling or degradation. Three days
after internalization, STxB was still detectable in punctate
structures, but no obvious colocalization could be detected
Mol Cancer Ther 2008;7(8). August 2008
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Figure 3.

Immunocytochemical
analysis of Gb3 in primary and xenografted human CRC. Fluorescently
labeled STxB was used on fixed
tissue sections. The three different
rows of images show standard H&E
staining (left ), which was carried out
in parallel to the fluorescence staining on consecutive tissue sections;
nuclear staining with 4¶,6-diamidino2-phenylindole (middle), and STxB
overlay (right ). A to C, normal
tissue. Note the absence of STxB
staining (C) on normal enterocytes
and stromal tissue. D to F, CRC
samples. STxB staining (F) is found
on tumor enterocytes and in surrounding stromal tissue. Note that
the precise subcellular localization of
Gb3 might have been altered by the
permeabilization step required for
immunolabeling. G to I, another
region of the tumor sample analyzed
in D to F. In this sample, the stromal
tissue still strongly binds STxB (I),
whereas tumor cells are only weakly
labeled (bar, 50 Am). J to L, Gb3
expression is maintained in xenografted human CRC. H&E staining
showing an overview of the xenografted tumor in lower magnification
(J). Nuclear staining (K, blue ) and
detection of Gb3 with fluorescently
labeled STxB (L, red).

with Golgi structures (Fig. 5D). The transport behavior in
primary colorectal tumor cells observed here is similar to
published results on human tumor cell lines (20). These
data are also reminiscent of the ones obtained on primary
cultures of murine digestive tumors (30). Quantification
of the different intracellular localizations of Gb3 from all
experiments together revealed a rapid uptake into a perinuclear compartment within 1 hour of incubation, and the
appearance of punctate, vesicular structures outside of
the Golgi apparatus at later time points, first detectable
after 48 hours (Fig. 5E).
We also studied if STxB induced apoptosis in the
primary, nonpassaged tumor cells, as previously reported
for established colorectal tumor cell lines (11). Both
fluorescently labeled and nonmodified STxB were used
for incubation at different concentrations with primary
tumor cells from nine patients. Uptake was monitored by
immunofluorescence microscopy, and apoptosis induction
was analyzed by labeling with an antibody against cleaved
caspase-3 (Fig. 5F), and by evaluation of nuclear morphology after Hoechst staining. In order to test for an induction
of caspase-independent cell death, the cytosolic release of

cytochrome c was analyzed (Supplementary Fig. S1).6
Treatment with STxB did not induce caspase-3 cleavage
(Fig. 5F) nor cytosolic release of cytochrome c (Supplementary Fig. S1A – F).6 This shows that the STxB does not
cause apoptosis in primary human colorectal cancer cells,
neither by caspase-dependent nor by caspase-independent
pathways.
Two independent pathways have been reported, at least
in cells of lymphoid origin, that lead to apoptosis upon
binding of either the holotoxin or a specific antibody to
Gb3/CD77 (33). Therefore, we have compared in parallel
the effects of a specific anti-CD77 antibody with the uptake
of STxB on primary colon cancer cells. Incubation with the
specific antibody was carried out according to published
protocols on cultures from three patients. No significant
increase in the number of cells with cleaved caspase-3 (data
not shown), or with cytosolic release of cytochrome c, was

6
Supplementary material for this article is available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).
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observable in the anti-CD77 antibody – treated cells (Supplementary Fig. S1G – I).6 Control experiments with staurosporine showed a reproducibly massive induction of
apoptosis in all primary cells studied, as evidenced by cleavage of caspase-3 (Fig. 5F), or by cytosolic release of cytochrome c from mitochondria (Supplementary Fig. S1J – L).6

Discussion
In this study, we report a highly significant up-regulation
of the glycosphingolipid Gb3 in human colorectal cancer
and liver metastases, as compared with normal colon tissue
and benign lesions. In fact, on average, human colon
carcinomas expressed 3-fold more Gb3 as compared with

Figure 4. STxB uptake in primary
cultures of colorectal tumors. Live
cells were incubated with STxB at
0.5 Ag/mL for 24 h, fixed, and
processed for immunofluorescence;
STxB (red ) and nuclear (blue ) staining. A, adenoma shows minor STxB
uptake in contrast with primary colorectal adenocarcinoma (B) and liver
metastasis (C). D, negative control
without STxB. E, double-staining
identifies the STxB-positive cells as
tumor cells of epithelial origin. STxB
(red ) and cytokeratin-20 staining
(green ) in colon tumor cells. F, note
that STxB (red) is enriched in cells at
the periphery of the tumor cell islet;
filamentous actin cytoskeleton
(green ). G, higher magnification
shows perinuclear STxB (red) accumulation in a tumor cell marked by
cytokeratin-20 (green ). H, fibroblasts that are also present in the
primary cultures were identified by
vimentin staining (green, arrowheads ). The vimentin-positive cells
show no uptake of STxB (red), as
opposed to adjacent tumor cells of
epithelial origin (arrow ).
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Figure 5. Analysis of intracellular uptake
kinetics of STxB in primary colorectal tumor
cells. A to D, STxB (red ), costaining with antigolgin p97 (green ) and nuclear staining (blue ).
A, incubation with STxB was carried out on ice
for 15 min. Note the plasma membrane staining
for STxB. B, incubation with STxB at 37jC for
15 min, some colocalization with Golgi apparatus is already visible (arrow ). C, incubation
with STxB at 37jC for 60 min, prominent
colocalization with Golgi (arrows ). D, after
3 days in culture, STxB is still detectable in the
primary tumor cells. Although, colocalization
with the Golgi apparatus is not visible, the
formation of intracellular vesicles is (arrowhead ). E, cells from 15 independent experiments were analyzed, and the intracellular
staining pattern of STxB was grouped into four
different stages: (I ) membrane staining, (II)
colocalization with golgin p97, (III ) vesicular
staining, no colocalization with golgin p97, and
(IV ) no STxB staining visible. F, STxB uptake in
primary tumor cells does not induce apoptosis.
The number of cleaved caspase-3 – positive
cells was related to the number of total cells
in 10 fields of view. Control incubation with the
drug staurosporine leads to massive induction
of apoptosis in all cases tested. Cells were
treated with STxB at different concentrations
(0.5 and 2.5 Ag/mL) and analyzed at 48 h after
incubation. Columns, mean; bars, SD (n =
8 patients).

normal tissue. Furthermore, a small sample number of rare
human small intestinal tumors of different origin (lymphomas, epidermoid carcinomas, neuroendocrine tumors,
and leiomyosarcomas) were also clearly Gb3-positive. Of
note, we have observed a correlation between tumor
progression along the adenoma/carcinoma sequence and
Gb3 expression: only malignant lesions expressed high
levels of Gb3, whereas adenomas showed Gb3 levels that
were comparable to normal colon. On a similar note, it had

previously been observed that dedifferentiated ovarian
carcinomas had high Gb3 levels, whereas the opposite was
observed in differentiated tumors (9). However, and in
contrast with other findings for a smaller cohort of tumors
(11), we found no significant difference of Gb3 expression
between metastasized and nonmetastasized tumors.
Our observation of Gb3 expression on human colorectal
tumors raises the question of whether Gb3 expression
in tumors represents an overexpression situation or
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neoexpression when compared with normal human colonocytes. Several studies showed that human intestinal
epithelium (11, 15) and purified epithelial cells (12, 33, 34)
were Gb3-negative. In agreement with these studies, we
found that normal human colonocytes were not labeled by
STxB, and in our previous in vivo experiments on mice,
STxB did not accumulate in these cells (30). However, Gb3
was detectable by lipid extraction on normal colon tissue
samples. One source could be stromal cells, such as
endothelial and immune cells, or myofibroblasts. Indeed,
these cell populations have been reported to express Gb3
(15, 20, 35). However, it cannot be excluded that some Gb3
may also be expressed by colonocytes at levels that may be
below the threshold for efficient binding of STxB. In this
context, it is of interest to indicate that due to the multiligand binding capacity of STxB—up to 15 Gb3 molecules
per pentamer (26)—the binding isotherm of STxB to cells is
expected to depend on cellular Gb3 levels in a complex
manner.
Using primary short-term cultures of human tumors,
we found that STxB accumulates in the tumors cells of
epithelial origin. Uptake was often observed to be increased
in tumor cells located at the edges of islets, where prominent lamellipodia were present. This observation may be
related to differences in migratory behavior, proliferation
state, or cellular differentiation. Indeed, earlier reports
found a correlation between cell motility and Gb3 expression levels in cultured cell lines (11).
STxB remained associated with tumor cells of epithelial
origin for several days. We show that this remarkable fact is
due to the targeting of STxB into a recently described
intracellular transport pathway, the retrograde route (23).
Cell counting showed that, on average, >80% of the cells in
all primary cultures were STxB-positive, and the majority
of cells had internalized the toxin subunit to the Golgi.
Moreover, STxB was still present in tumor cells after
several days, even though it resided in an as yet ill-defined
compartment, reminiscent of observations obtained in
the preclinical mouse models (30). This fact may be of
great value for the use of STxB for noninvasive tumor
imaging because the contrast agents may be cleared from
nontumor tissues before image acquisition is started. A
possible imaging application of the STxB delivery technology concerns small intestine tumors that cannot be reached
by fibroscopy from the stomach or by colonoscopy from the
rectum.
We report here that incubation of human primary colorectal tumor cells with fluorescently labeled or unlabeled
STxB for various times, and at various concentrations, did
not cause apoptosis. Because apoptosis induction by the
Shiga toxin receptor Gb3 has been shown to rely on different mechanisms (33), we used two independent methods
for evaluation of cell death: detection of cleaved caspase-3
and detection of cytosolic release of cytochrome c.
A recent study reported induction of apoptosis by STxB
in colorectal cancer cell lines (11). Another study found no
morphologic effect on T84 colon cancer cells after incubation with the holotoxin, but detailed analysis of apoptotic

pathways was not done (13). Interestingly, STx2 holotoxin
was harmful to intestinal epithelial cells in an organ culture
system, even though these cells are Gb3-negative (13).
However, the discussion on apoptosis induction by either
Shiga holotoxin or by the B-subunit is controversial. Shiga
toxins and verotoxins have been shown to induce apoptosis, resulting in DNA degradation, increase in intracellular
Ca2+ levels, transitory increase in cyclic AMP levels, and
finally, cell lysis (36 – 40). In fact, STx-induced apoptosis
was shown to be accompanied by increased expression of
the proapoptotic protein Bax, and inhibited by overexpression of the antiapoptotic protein BCL-2 (37). The
relation between the inhibition of protein synthesis by the
A-subunit, and the induction of apoptosis is controversial
(40 – 45). In our present study, we used only the nontoxic
STxB. It has been shown by several studies that STxB
is capable of apoptosis induction in Burkitt’s lymphoma
cells, although it is not able to inhibit protein synthesis
(33, 36, 38).
It is evident from our findings that STxB does not induce
apoptosis in primary colorectal cancer cells, the same holds
true for epithelial cell lines such as HeLa.7 Therefore,
we believe that cell type – specific differences may be the
most likely explanation for the apparent differences in
apoptosis induction. This is evident when comparing
epithelial cells (such as colorectal cancer cells) to cells of
lymphoid origin (such as Burkitt’s lymphoma cells).
However, differences also undoubtedly exist between the
short-term, nonpassaged primary cultures used in this
study, and the established colorectal cancer cell lines used
in other studies. Cell lines such as T84 or HT29 have been in
use for decades and may have therefore acquired genetic
and epigenetic alterations not found in the primary tumors.
Thus, it seems that apoptosis induction by Shiga toxin
strongly depends on the cell type, and may rely on different
mechanisms (45).
In order to further elucidate the signaling events that
are activated upon ligand binding to the STxB receptor Gb3
(or CD77) in the primary tumor cells, we used a specific
anti-Gb3/CD77 antibody. The anti-CD77 antibody shares
some properties with STxB, but has been shown to trigger
different apoptotic pathways in lymphoid cells (33).
Incubation with anti-Gb3/CD77 antibody did not induce
activation of caspase-3 in the primary tumor cells. We
also observed no induction of caspase-independent apoptosis, as tested by cytosolic release of cytochrome c. In
contrast, upon treatment with staurosporine, the primary
cells from all patients tested underwent rapid and massive
apoptosis.
Finally, an important finding of our study is the robust
up-regulation of Gb3 expression by liver metastases and the
uptake of STxB by primary cultures from liver metastasis.
In colorectal cancer, liver metastases are present in 25%
of cases at the time of initial diagnosis, but they caused

7

Unpublished observations.
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the death of a majority of all patients (1). Therefore, early
and reliable detection of hepatic colorectal metastasis is
of great clinical importance. Gb3 in metastasis may allow
their detection through noninvasive imaging approaches,
such as STxB-vectorized positron emission tomography
imaging, as described in a previous study on animal
models (30). Based on our work, we speculate that the
naturally evolved targeting properties of STxB could be
diverted for the in vivo delivery of contrast agents or
therapeutic compounds to colorectal primary carcinomas
and metastases.
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